Background and Purpose-Prior use of antiplatelet agents improves stroke outcome in patients undergoing thrombolytic therapy as shown by reduced arterial reocclusion, although the risk of cerebral hemorrhage can be increased. Methods-The effect of cilostazol, an antiplatelet drug that improves endothelial function through upregulation of intracellular cAMP, on cerebral hemorrhage after thrombolytic therapy was investigated using a highly reproducible transient ischemia model. Results-Treatment with cilostazol for 7 days before ischemia significantly suppressed the risk and severity of cerebral hemorrhage after injection of tissue-type plasminogen activator, although treatment with aspirin had no such protective effect compared with nontreated mice. Immunohistological analysis revealed that treatment with cilostazol suppressed disruption of the microvasculature in the ischemic area associated with reduced matrix metalloproteinase-9 activity. Conclusions-Our results suggest that patients treated with cilostazol before onset of stroke could have a lower risk of cerebral hemorrhage after thrombolytic therapy and might also have a longer therapeutic time window for thrombolysis. Furthermore, the risk of cerebral hemorrhage can be significantly altered by prestroke therapies, and analysis of the effects of multiple drugs on tissue-type plasminogen activator-induced cerebral hemorrhage in animal models is essential for the extending safe and effective thrombolytic therapy to a wider group of patients. (Stroke. 2012;43:00-00.)
I
ntravenous thrombolysis with tissue-type plasminogen activator (tPA) has been shown to improve functional outcomes of patients with stroke when given within 3 hours from the onset of stroke. 1, 2 However, treatment with tPA significantly increases the risk of bleeding events, including hemorrhagic infarction. 3, 4 Although a number of clinical studies indicate that prior use of antiplatelet agents increases the risk of cerebral hemorrhage after thrombolytic therapy, [5] [6] [7] the use of antiplatelet agents had been shown to improve stroke outcome compared with patients without such therapy. 8, 9 The beneficial effects of antiplatelet drugs may be attributed to improved microcirculatory function and diminished reocclusion after tPA treatment, the latter observed in 20% to 34% of patients after initially successful recanalization. 10, 11 Reocclusion after tPA treatment is induced, at least in part, by the activation of the coagulation cascade by tPA. 12, 13 These findings indicate that the use of antiplatelet drugs is potentially a double-edged sword in the context of tPA treatment; that is, use of antiplatelet agents is likely to be beneficial for stroke outcome despite increased risk of hemorrhagic infarction. Consistent with these findings, a randomized controlled trial in the Netherlands has shown that thrombolysis in combination with antiplatelet drugs prevented reocclusion and improved the clinical outcome. 14 Recently, cilostazol, an antiplatelet drug that inhibits the activity of cAMP phosphodiesterase Type 3, has been shown to be superior to aspirin for secondary prevention of stroke with fewer hemorrhagic events. 15 Compared with other antiplatelet drugs, cilostazol is known to have milder hemorrhagic side effects 16 and prevent the increase in bleeding time. 17 In this study, we focused on cilostazol and investigated its effect on hemorrhagic infarction after treatment with tPA using a murine ischemia-reperfusion model.
Induction of Focal Cerebral Ischemia
To evaluate the effect of cilostazol on tPA-induced hemorrhagic infarction, we developed a highly reproducible murine transient cerebral ischemia model based on modification of our previous method. 18 In brief, the left middle cerebral artery (MCA) was isolated in male 7-week-old CB17/Icr mice (Clea, Tokyo, Japan) under halothane inhalation (3%) anesthesia and transient focal cerebral ischemia was induced under direct vision by transiently occluding the distal portion of the left MCA with a monofilament nylon suture (7-0 in size; Tyco) for 90, 120, 180, or 240 minutes. During surgical procedures, rectal temperature was monitored and controlled at 37.0Ϯ0.2°C by a feedback-regulated heating pad. Cerebral blood flow in the MCA area was monitored as described. 19 All mice showed a Ͼ75% decrease in cerebral blood flow rapidly after occlusion and restored cerebral blood flow (Ͼ0%) soon after reperfusion compared with before transient ligation of the MCA. tPA (10 mg/kg body weight in 0.1 mL saline; Mitsubishi Tanabe Pharmaceutical Co, Tokyo, Japan) was infused through the tail vein just before reperfusion. In sham-operated controls, the same procedure was used and intravenous saline (same volume) was injected in place of tPA.
Drug Administration
Mice were fed cilostazol (0.3% in the diet; Otsuka, Tokushima, Japan), aspirin (0.1% in the diet; Eizai, Tokyo, Japan), or a normal diet for 7 days before induction of ischemia. Doses of cilostazol and aspirin were determined according to previous reports. 20 -22 tPA (10 mg/kg) was administered through the tail vein just before reperfusion. The dose of tPA was determined according to previous reports. 23, 24 
Assessment of Hemorrhage and Infarction
Hemorrhagic infarction was evaluated at 24 hours after induction of ischemia as described previously. 25, 26 Briefly, coronal forebrain sections (1 mm thick) were stained with 1% 2,3,5-triphenyltetrazolium (Sigma-Aldrich, St. Louis, MO) for 20 minutes at 37°C and fixed in 4% paraformaldehyde/phosphate-buffered saline (PBS; pH 7.4). Infarct volume was measured using a microscopic digital camera system (Olympus, Tokyo, Japan) as described previously. 27 Briefly, the 2,3,5-triphenyltetrazolium-positive area of each hemisphere was estimated using National Institutes of Health Image software (Version 1.62), and volume of the surviving/viable tissue was calculated by integrating the overall coronally oriented area. Percent stroke volume was evaluated by [(contralateral hemisphere volume)Ϫ(infarcted hemisphere volume)]/[(contralateral hemisphere volume)ϫ2]ϫ100%.
The severity of cerebral hemorrhage was quantified by investigators who were not informed regarding the experimental protocol and identity of samples under study, as described previously 28, 29 : nonhemorrhage (Score 0); hemorrhagic infarction Type 1 (HI-1), defined as heterogeneous small petechiae, generally along the boundary of the infarct (Score 1); hemorrhagic infarction Type 2 (HI-2), with more confluent petechiae within the infarcted area (Score 2); parenchymal hemorrhage Type 1 (PH-1), characterized by hematoma covering Ͻ30% of the injured parenchyma (Score 3); and parenchymal hemorrhage Type 2 (PH-2) with dense hematoma in Ͼ30% of the infarct (Score 4). Examples of each score are demonstrated in Figure 1B (no mouse showed PH-2 in our experiment).
Immunohistochemistry
Twenty-four hours after reperfusion, mice were deeply anesthetized with sodium pentobarbital and perfused transcardially with saline followed by 4% paraformaldehyde. Forebrain coronal sections (20 m) were prepared using a vibroslicer (Leica, Wetzlar, Germany) and immunostained with antibodies to platelet endothelial cell adhesion molecule 1 (PECAM-1; BD Pharmingen, San Jose, CA; dilution 1:500), lectin (Invitrogen, Carlsbad, CA; 1:50), and matrix metalloproteinase (MMP)-9 (Santa Cruz Biotechnology, Santa Cruz, CA; dilution 1:100) using standard immunohistochemical procedures. Anti-PECAM-1 and lectin were visualized by the 3,3Ј-diaminobenzidine method. Alexa488 or Alexa555 antibody was used as the secondary antibody for anti-MMP-9 and PECAM-1. Vascular density was evaluated using anti-PECAM-1 antibody as described previously. 27 Briefly, the number of PECAM-1-positive vascular structures in the anterior cerebral artery area (border of cerebral ischemia; approximately 0.5 mm from the border of infarction), MCA area (stroke area), and contralateral cortex at the exact center of the forebrain section was counted by investigators who were not informed regarding the experimental protocol and identity of samples under study (3 random fields in each section were scored and the area of each field was 0.12 mm 2 ). Sections stained with antilectin were counterstained with Mayer hematoxylin solution (Wako, Osaka, Japan).
Gelatin Zymography
The level of MMP-9 in the ischemic brain was evaluated by gelatin zymography, as described previously. 23 Briefly, at 24 hours after reperfusion with injection of tPA, brain tissue from the ipsilateral ischemic and contralateral nonischemic hemispheres was removed and homogenized in lysis buffer (CelLytic MT; Sigma). After centrifugation at 500 g for 10 minutes, supernatant was collected and protein concentrations were measured by the Bradford assay (BioRad). Protein samples (35 g/L) were mixed with 2ϫ zymogram sample buffer (TEFCO, Tokyo, Japan) and loaded onto 10% Zymogram-PAGE mini (TEFCO). After electrophoresis, the gel was stained with Coomassie blue R-250 according to the manufacturer's protocol (ZYMOGRAM buffer kit; TEFCO). Gel images were captured using a digital camera (Olympus, Tokyo, Japan) with reversed brightness, and the intensity of each band was quantified with National Institutes of Health Image.
Data Analysis
Statistical comparisons among groups were determined using the Kruskal-Wallis test to compare with controls. Data are expressed as meanϮSE.
Results

Administration of tPA Increases the Risk of Cerebral Hemorrhage After Transient Ischemia
To confirm the increased risk of cerebral hemorrhage after administration of tPA, transient ischemia was induced and tPA or PBS was injected just before reperfusion. The incidence and degree of hemorrhagic infarction were evaluated at 24 hours after reperfusion. As shown in Figure 1A , the incidence of hemorrhagic infarction was significantly increased with tPA injection after 90, 120, and 180 minutes of transient ischemia, although no significant increase was observed after 240 minutes ischemia. To investigate the severity of hemorrhagic infarction, degrees of hemorrhage were scored according to 5 subtypes, as described previously. 28, 29 In our experimental groups, no mice showed PH-2 (Grade 4). Representative photographs of hemorrhage subtypes are shown in Figure 1B . It is notable that none of the mice that received PBS before reperfusion showed parenchymal hematoma (Grade Ն2) after 90, 120, and 180 minutes transient ischemia ( Figure 1C ). In contrast, mice receiving tPA showed PH even after 90 minutes ischemia. In both treatment groups, more than half of the mice showed PH after 240 minutes ischemia. Quantitative analysis revealed a significant increase in hemorrhagic score in mice treated with tPA at 90, 120, and 180 minutes after transient ischemia compared with PBS-treated groups ( Figure 1D ). The volume of infarcted tissue at 24 hours, consequent to 90 minutes ischemia to induce stroke, was evaluated. There was no significant difference in percent stroke volume between treatment with tPA and PBS (13.8%Ϯ1.1% and 13.7%Ϯ0.8%, respectively; Pϭ0.96).
Cilostazol Reduced the Risk of tPA-Induced Cerebral Hemorrhage
To evaluate the risk of cilostazol on tPA-induced cerebral hemorrhage, mice were fed cilostazol for 7 days and transient ischemia was induced followed by injection of tPA. Contrary to our initial expectation, the incidence of cerebral hemorrhage was significantly reduced on administration of cilostazol in mice after 90 and 120 minutes of transient ischemia, although no significant difference was observed after 180 and 240 minutes (Figure 2A ). Figure 2B shows the distribution of severity in each group. It is notable that all of the mice fed cilostazol before injection of tPA showed no or mild hemorrhage (score 0 or 1) after 90 or 120 minutes ischemia. Quantitative analysis using the hemorrhagic score revealed a significant reduction of severity in mice pretreated with cilostazol at 90 and 120 minutes after transient ischemia compared with the nontreated group ( Figure 2C ). However, no statistical difference in the severity was observed between groups after 180 or 240 minutes of transient ischemia.
Aspirin Did Not Reduce the Risk of tPA-Induced Cerebral Hemorrhage
Aspirin is known to increase the risk of cerebral hemorrhage. 5, 9, 30 To investigate its effect on tPA-induced cerebral hemorrhage, mice were treated with aspirin for 1 week and transient ischemia was induced (90 minutes). The results displayed no significant reduction or increase in the incidence of cerebral hemorrhage on treatment with aspirin compared with normal controls ( Figure 3A) . Analysis of severity using the hemorrhagic score also revealed no significant change between the aspirin-treated and normal diet groups ( Figure  3B -C). Although the incidence of hemorrhage was dependent on the time to reperfusion, these results indicate that aspirin has a nonsignificant effect on reduction of tPA-induced cerebral hemorrhage after 90 minutes of transient ischemia, whereas cilostazol had significant protective effects.
Cilostazol Prevented the Degradation of Cerebrovasculature After Transient Ischemia and Administration of tPA
To investigate mechanisms underlying the protective effect of cilostazol pretreatment on cerebral hemorrhage, morphological changes in cerebromicrovasculature were investigated at 24 hours after induction of transient ischemia (90 minutes). Immunohistological analysis revealed a decrease in PECAM-1-positive microvasculature at the border of cerebral ischemia after transient ischemia with tPA injection compared with the contralateral cortex (Figure 4A , contralateral; Figure 4B ; ipsilateral). In contrast, pretreatment with cilostazol prevented the reduction in PECAM-1-positive microvasculature ( Figure 4C ). These impressions were confirmed by quantitative analysis of PECAM-1-positive vascular density ( Figure  4D ). PECAM-1 is known to be important for survival, migration, and functional organization of endothelial cells, 31 and our data indicate a beneficial effect of cilostazol on the preservation of these endothelial functions at the border of the stroke. In contrast, pretreatment with aspirin had no effect on the preservation of microvasculature ( Figure 4E-F) . Next, we investigated possible degradation of cerebrovasculature in the stroke area with antilectin antibody, a marker of vascular morphology. 27 At 24 hours after transient ischemia (90 minutes) with tPA injection, a marked dissociation of microvasculature was observed in the ischemic brain in mice Figure 4H , ipsilateral). In contrast, preservation of vascular structure in the stroke area was observed in mice pretreated with cilostazol ( Figure 4I ). Similar to the results obtained with anti-PECAM-1 antibody, the pretreatment with aspirin had no protective effect on degradation of cerebrovasculature at the poststroke area ( Figure 4J ).
Cilostazol Prevented Activation of MMP-9 in the Poststroke Cortex
Activation of MMP-9 is well known to cause the deterioration of tight junctions and basement membranes. [32] [33] [34] To investigate activation of MMP-9 in the vasculature in the poststroke cortex, brain sections were costained with anti-PECAM-1 and anti-MMP-9 antibodies. Although no MMP-9-positive vascular structures were observed in the contralateral cortex ( Figure 5A-C) , MMP-9-positive vasculature was observed in the poststroke cortex in control mice ( Figure  5D-F) . In contrast, no MMP-9-positive vasculature was observed in mice pretreated with cilostazol ( Figure 5G-I) . In contrast, pretreatment with aspirin did not prevent activation of MMP-9 in the poststroke cortex ( Figure 5J-L) . To confirm these results, protein samples were extracted from each brain and MMP-9 activity was investigated by zymography. Consistent with results obtained by immunohistologic analysis, suppressed expression of MMP-9 activity was observed with pretreatment with cilostazol compared with pretreatment with aspirin ( Figure 5M-N) .
Discussion
In this study, we have demonstrated that treatment with cilostazol for 7 days before induction of cerebral ischemia significantly reduced the hemorrhagic risk accompanying tPA injection and was associated with suppressed MMP-9 activity in stroke vasculature (and its endothelium).
Thrombolysis with tPA after stroke is associated with an increased risk of hemorrhagic transformation. 33, 35 In addition to endothelial cell injury caused by reperfusion after transient ischemia, tPA is known to induce disruption of the bloodbrain barrier. 23, 36, 37 Consistent with these reports, administration of tPA after 90, 120, or 180 minutes of transient ischemia significantly increased the risk of cerebral hemorrhage, compared with PBS-injected mice, in our experimental model. Because of the homogeneity of cerebral vascular structure/ organization between animals in CB-17 mice, the ischemia induced in this strain by transient occlusion of the MCA under direct visualization produced a highly reproducible ischemic area. 38 Although thrombolytic effects of tPA cannot be addressed in this model, these findings indicate the model in CB-17 mice is suitable to evaluate the effect of drugs on hemorrhagic transformation caused by tPA injection with high reproducibility.
Intracerebral hemorrhage is associated with worse clinical outcomes in the context of stroke. 39, 40 Prior use of antiplatelet drugs remains a concern in terms of increasing the risk of hemorrhage after tPA treatment. 8, 9 However, patients who received aspirin for prevention of stroke showed better clinical outcomes after treatment with tPA, although some studies reported increased risk of cerebral hemorrhage in patients with aspirin compared with patients who did not receive it. 5, 9, 41, 42 This discrepancy can be attributed to reocclusion of the artery after initial successful recanalization by tPA, 10,11 which can be suppressed by antiplatelet drugs, thereby improving outcome. 14 Cilostazol is an antiplatelet drug with additional effects, including improvement in function of vascular endothelium. 43 It is known to be superior to aspirin in terms of reduction of the risk of cerebral hemorrhage. 16 Consistent with these previous reports, pretreatment with cilostazol for 7 days before ischemia and subsequent tPA administration significantly suppressed the occurrence/ extent of cerebral hemorrhage. In contrast, pretreatment with aspirin had no effect on the risk of bleeding compared with nontreated control mice. These findings suggest that patients treated with cilostazol for prevention of ischemic diseases would have a lower risk of hemorrhagic transformation after thrombolytic therapy compared with nontreated or aspirintreated patients. Cilostazol-treated patients might be expected to have a reduced risk of reoccluding the recanalized cerebral artery compared with nontreated patients.
To extend the therapeutic time window for effective thrombolytic therapy, the risk of cerebral hemorrhage must be evaluated in individual cases. Our current study demonstrates that the risk of cerebral hemorrhage can be significantly modified by treatments administered before the onset of stroke. However, the effects of other commonly used drugs for patients with a high risk of stroke such as calcium channel blockers, angiotensin receptor blockers, and statins are still controversial. 44, 45 We believe that analysis of the effects of multiple drugs on tPA-induced cerebral hemorrhage in animal models is essential for extending safe and effective thrombolytic therapy to a wider group of patients, especially for those beyond the current 3-hour window for treatment. . Although no expression of MMP-9 was observed in the microvasculature of the contralateral cortex (A-C), expression of MMP-9 was observed in the ipsilateral cortex in mice pretreated with a normal diet (D-F). In contrast, reduced expression of MMP-9 was observed in the stroke-affected cortex in mice pretreated with cilostazol (G-I). Pretreatment with aspirin did not change the expression of MMP-9 in the microvasculature in the stroke-affected cortex compared with the normal diet (J-L). M-N, Representative photograph of zymogram. Suppressed activity of MMP-9 (105 kDa) was observed with pretreatment with cilostazol, although no change was observed with aspirin (M). Reverse images were obtained and the ratio of activity between cilostazol or aspirin vs the normal diet was quantified. Significant reduction of MMP-9 activity was observed in mice pretreated with cilostazol compared with mice pretreated with aspirin (N). *PϽ0.05 vs aspirin. Nϭ3, in each group. Scale bar, 80 m (A). MMP indicates matrix metalloproteinase; tPA, tissue-type plasminogen activator; PECAM-1, platelet endothelial cell adhesion molecule 1.
Activation of MMP-9 in injured endothelial cells has been suggested as a mechanism for tPA-induced cerebral hemorrhage 23, 37, 46 in addition to direct injury due to ischemiareperfusion. MMP-9 activation enhances the permeability and decreases structural integrity of the blood-brain barrier in postischemic brain. 32, 47 Our studies have shown that pretreatment with cilostazol markedly reduced the expression of MMP-9 in endothelial cells after injection of tPA and suppressed degradation of cerebral vasculature in the ischemic brain. Our findings are consistent with a previous study demonstrating that cilostazol decreased MMP-9 expression in balloon-injured vasculature. 48 Cilostazol is known to raise the intracellular cAMP concentration in endothelial cells. In this context, cAMP promotes functional integrity of tight junctions between endothelial cells in the blood-brain barrier. 49, 50 The vasculoprotective effect of cilostazol was also shown in other studies in which cilostazol suppressed endothelial hyperpermeability by inhibiting redistribution of the actinbased cytoskeleton 51 and protected endothelial cells against lipopolysaccharide-induced apoptosis by the activation of MAP kinase. 52 These findings indicate that the beneficial effect of cilostazol on cerebral hemorrhage might be achieved, at least in part, through suppression of endothelial injury after thrombolysis with tPA injection. Consistent with these findings, cilostazol-treated mice displayed retention of vascular density in ischemic cerebral cortex after tPA treatment, whereas aspirin did not prevent reduction in the number of cerebral microvessels. In the current study, we used 1 dose of cilostazol. Because both antiplatelet and vasculoprotective activity of cilostazol are known to be dose-dependent, [52] [53] [54] further study will be necessary to determine the optimal dose of cilostazol to suppress cerebral hemorrhage after tPA treatment.
In conclusion, our results suggest that treatment of patients with cilostazol for prevention of stroke may have significant merit with regard to suppressing the risk of hemorrhagic transformation after thrombolytic therapy as well as reducing the risk of cerebral hemorrhage 15 compared with treatment with aspirin. Furthermore, our data suggest that the therapeutic time window of thrombolytic therapy using tPA might be extended in patients treated with cilostazol. Furthermore, antithrombotic treatment might be safely started with cilostazol soon after injection of tPA to reduce the incidence of reocclusion of the artery after initial successful recanalization.
